Shunting is one of the key issues in industrial silicon solar cells which degrade cell performance. This paper presents an approach for investigation of the performance degradation caused by the presence of ohmic extended shunts at various locations in industrial silicon solar cells. Location, nature, and area of the shunts existing in solar cells have been examined by lock-in infrared thermography (LIT). Based on LIT images and experimental dark I-V curves of solar cell, shunted cell has been modeled, from which loss in fill factor and efficiency due to the specific shunt has been obtained. Distributed diode modeling approach of solar cell has been exploited for obtaining simulation results which were supported by experimental measurements. The presented approach is useful to estimate performance reduction due to specific shunts and to quantify losses, which can help in improving the efficiency of solar cell during production by tackling the shunt related problems based on the level of severity and tolerance.
Introduction
Many types of defects are present in solar cells which affect its performance [1] . Among them, shunt is one of the critical defects which can degrade performance of solar cells drastically. Information related to quantum of power losses due to the presence of shunts in industrial silicon solar cells can play an important role in process control and improvement of solar cell production.
Shunts can broadly be classified into two broad categories based on the origin: process induced shunts and material related shunts [2] . Process induced shunts are formed during the production due to problems associated with fabrication process. These types of shunts can be minimized by better process control, monitoring tool, and handling. Some typical process related shunts formation happens due to cracks in wafer, scratches, improper metallization contact, aluminium particles, and so forth, whereas material related shunts are mainly impurities like macroscopic Si 3 N 4 inclusions, SiC particles, and SiC filament-type precipitates [2] . These can be minimized by using better quality of material which will increase cost of the cell. Physical nature of dominant material induced shunts has been experimentally investigated and its qualitative effects on specific location have been discussed earlier [3, 4] .
Quantum of loss due to shunts on the overall solar cell performance depends not only on the severity of shunt but also on its location. It is important to know the quantum of losses due to shunts in order to prioritize the solution of shunting problem according to severity of shunts. It will be very useful and relevant to industry in classifying the shunts in different categories based on the level of severity in order to tackle the shunting problem during production. Shunts which cause more reduction in output power may be removed or isolated using laser technique [5, 6] and leaving out those shunts which cause relatively low loss in efficiency of the cell. Also, corrective steps in production can be taken up based on severity of shunts in order to remove the origin of these process induced shunts.
In order to study the quantum of loss due to shunts in industrial silicon solar cell, a combined experimental and simulation based approach has been presented in this paper. The presented approach is based on the distributed diode model of solar cell, experimental characteristics, and shunt imaging technique.
Solar cell simulation based on distributed diode model is well known and it has been reported for studying different type of effects on solar cell and module [7] [8] [9] [10] [11] [12] .
In the present work, experimental parameters have been incorporated in simulation to study the losses due to shunts at 2 International Journal of Photoenergy various locations on industrial solar cell. A refined approach for extended shunts has been presented. The proposed approach has been supported with actual experimental results.
Approach and Methodology
In order to model and analyze the performance of solar cell in the presence of shunts and to study losses induced by these shunts in industrial silicon solar cell, a distributed diode model of solar cell has been developed from the electrical equivalent circuit of illuminated solar cell, consisting of single diode in parallel with current source and shunt resistance, with a series resistance. An electrical circuit simulator PSpice [13] has been used to simulate this model. Some parameters for this simulation have been obtained experimentally from dark I-V characteristic of solar cells and shunt imaging technique.
Lock-in infrared thermography (LIT) has been exploited for imaging the shunt location and to study the relative severity of shunt [14] . Nature, location, relative severity, and area of shunts have been obtained in solar cells by this technique.
Some parameters (shunt resistance, reverse saturation current, ideality factor, sheet resistivity, etc.) which were required for distributed diode model have been obtained experimentally in order to simulate the I-V characteristic of shunt-free cell. The simulated and experimental dark I-V characteristic of the shunt-free solar cell has been compared to support the model and simulation. Based on this model and simulation as well as LIT images, shunt losses in quantitative terms have been estimated.
The basic methodology of proposed approach for simulation by PSpice is described in Figure 1 . Shunting can happen in very small point in the solar cell, and therefore it is necessary to divide the given cell area into a large number of elementary areas, in order to represent each small region of the solar cell in the model. All industrial silicon cells in the present work have an area of 125 mm × 125 mm. For simulation, the cell was divided into 375 × 375 sections in order to accommodate finger size of solar cells. Figure 2 shows how the cell area has been divided into equal elementary areas.
Each elementary area was modeled by solar cell equivalent circuit consisting of a diode, a shunt resistance, and a current source in parallel as shown in Figure 3 . Resistances were connected between neighboring elementary areas taking into account the emitter sheet resistance of the cell. The base resistance of cell has been neglected since its value is very small compared to the sheet resistance of top layer. Fingers and bus bars of the cell have been modeled after measuring respective resistances.
Ideality factor , reverse saturation current , series resistance , and photo-generated current for each cell under study has been calculated by the analytical method proposed in [15, 16] , from the manufacturer's data sheet and the experimental dark I-V curves: Tables 1 and 2 . Values of , , and calculated based on the analytical method are listed in Table 3 .
Current flow in the model can be described based on the Shockley's diode equation:
where is the photo-generated current (A), the net current flowing through the cell (A), reverse saturation current (A), electronic charge (C), applied voltage across terminals of cell (V), ideality factor, Boltzmann's constant (J/K), and absolute temperature (K). is the series resistance (Ω) and sh is the shunt resistance (Ω). In the dark condition, the equation reduces to the following form:
In a solar cell, at very low voltages under forward bias conditions, a very minimal current flows through the cell which is predominantly controlled by shunt resistance ( sh ) [17] of the cell. Shunt resistance ( sh ) of cell has been experimentally measured at extremely low voltage from the slope of I-V curve under dark condition. This measurement was performed on a number of shunt-free cells after verification by LIT measurements. Shunt-free cell was taken from the same batch where shunted cells have been taken for this entire study. For a shunt-free cell, shunt resistance of each elementary area has been estimated by considering the uniform distribution of overall shunt resistance over the cell sh . The same elementary shunt resistance value has been used in shunt-free region of shunted cell during simulation.
Lock-in thermography has been used over the cells for finding relative severity, area, location, and nature of shunts in the cell. These measurements have been performed at high lock-in frequency, in order to obtain fine spatial resolution of the shunted region.
Shunt resistance at shunted positions has been obtained by matching initial slope of simulated dark I-V curve with experimental dark I-V curve at very low voltage. Also, relative strength of the LIT signal over the shunts has been considered in this matching.
Full dark I-V curve of the cell has been simulated by using the measured average sheet resistivity value of cells along with other parameters obtained earlier. obtaining the dark I-V characteristics, varying voltage was applied across the and side. For obtaining the illuminated I-V curves, a current source capable of generating a current equal to the short circuit current (normalized according to the area of the elementary region) has been connected in parallel with each diode in the network to model uniform incident radiation under standard illumination conditions.
Experimental
The present work is based on the characterization of several monocrystalline and multicrystalline solar cells. In the following, the results obtained on five representative samples featuring shunts of different position, area, and severity have been reported. The main electrical parameters of these five cells are reported in Table 1 . Two types of measurements have been made: (1) thermographic characterization and (2) dark I-V characterization.
Thermographic Characterization. The dark LIT (DLIT)
technique has been used for finding location, severity, nature, and area of shunt. In this technique, cell is periodically biased under dark condition with a programmable power supply in order to localize the generated heat near to the shunted region. Under this condition only dark current will flow through the cell. At shunt sites, an increased current causes heating of the solar cell which can be detected by DLIT technique [18] . Infrared camera, which is synchronized with power supply, takes sequence of images and applies lockin algorithm over the images in order to detect very small temperature change over the shunted region. The schematic block diagram of DLIT measurement system is shown in Figure 4 . The system is equipped with an FLIR camera having cooled detector with focal plane array (320 × 256) of IR sensors. The camera is sensitive in 3-5 m wavelength and it can work at maximum frame rate of 160 Hz. Programmable DC power supply in this system was used for biasing the solar cells, which was synchronized with the camera frame through a controller to implement lockin algorithm over the captured images. Relative intensity of DLIT signal over the shunts gives relative estimation of shunt severity. Other than finding the location, severity, and area of shunts, DLIT has been used to classify the ohmic (linear) and nonohmic (nonlinear) nature of shunts. Ohmic shunts give the same signal value under forward and reverse biasing condition where nonohmic shunts give different value. It has been observed that most of the shunts were ohmic in nature and present study is focused on ohmic shunts.
In reverse bias conditions, only small leakage current flows through the cell which makes ohmic shunts detection much easier. Also estimation of shunt area in reverse direction under high lock-in frequency is more appropriate.
In this study, five silicon solar cells (designated as 1, 2, 3, 4, and 5) have been used, which had different shunt resistances. Out of these, cells 1, 2, and 3 were monocrystalline cells and remaining cells were multicrystalline cells. DLIT has been performed on all these cells. Different types of shunts were observed in these cells. Figure 5 shows the DLIT images of all the five cells. Figure 5 (a)1 shows the DLIT image of monocrystalline cell 1 taken in forward bias. The shunt appeared in reverse bias also with equal intensity and area, which is seen in Figure 5 (b)1, which shows that it is ohmic in nature. It was located between the two bus bars, but more towards the left bus bar. In order to get more information of shunt for simulation, the shunted region has been imaged more precisely by using the zoom lens of the camera. The zoom image ( Figure 5 
Dark I-V Characterization.
The experimental dark I-V curve of both the shunted and shunt-free cells used for investigation has been measured by the experimental setup in the laboratory. The experimental dark I-V curves contain information about lumped values of the parameters such as the ideality factor, reverse saturation current, series resistance, and shunt resistance with respect to the total area of the solar cell. Additional parameters required for the model formulation are the bus bar and finger resistances as well as the sheet resistivity. The bus bar resistance, finger resistance, and sheet resistivity for each shunted and nonshunted cell have been measured by the four-probe setup in the laboratory. Figure 6 presents the comparison of experimental and simulated dark I-V curves of monocrystalline cell A and multicrystalline cell C having no shunts. There is a good degree of agreement in the case of cell A in the critical regions of the curves. It can be seen from Figure 6 that, in the case of cell C, there is a deviation between the experimental and simulated curves which can be possibly due to a dominant junction recombination mechanism in the solar cell or due to variation in the solar cell characteristic parameters over the entire cell area.
Results and Discussion
Shunted monocrystalline cell 1 and cell 2, whose DLIT images are shown in Figures 5(a)1-5(c)1 and 5(a)2-5(c) 2, have been simulated, considering location, area, and severity of the shunted region. Resulting simulated dark I-V curves are compared with experimental dark I-V curves in Figure 7 .
Comparison of experimental and simulated dark I-V curves for the shunted multicrystalline cells 4 and 5 can be seen in Figure 8 . The deviation in a few regions between the experimental and simulated curves in Figures 7 and 8 can be attributed to the inhomogeneity in the solar cell characteristic parameters over the entire solar cell area, whereas in the presented model a homogeneous distribution of the solar cell characteristic parameters has been assumed.
Degradation in efficiency and fill factor has been found from illuminated I-V curve of the shunted cell and that of the corresponding shunt-free cell evaluated by replacing the shunted region determined using DLIT image by the shunt-free region in the distributed diode model of the shunted cell. Similarly, simulated illuminated I-V curves of shunted and not shunted cases for each cell have been found in order to determine degradation in electrical performance. Table 4 summarizes the results of investigation on degradation caused by shunts on the five cells found using the model. Experimentally measured values of fill factor and efficiency have been provided to verify the accuracy of the model and they closely match with the simulated values. It is clear from Table 4 that the absolute degradation in efficiency and fill factor of all the five cells depends to a great extent on the shunt resistance and hence on the severity, area, location, and nature of shunts present in the cell. Since the shunt in cell 2 is under the bus bar, more degradation has occurred in cell 2, though comparatively greater area between two bus bars is affected by shunting in cell 1. For cell 2, degradation in efficiency of 1.51% and degradation in fill factor 4.21%, respectively, have been observed. The results prove that efficiency improvement of approximately 1 to 1.5% and fill factor improvement from 3 to 4% are possible by avoiding severe shunt formation or isolating them by laser technique [6] in silicon solar cells. This is particularly true when shunted area is under the bus bar and also if many metallization fingers are affected by shunt. The reason is simply that the bus bar carries the greatest current compared to other areas and hence more current is available to sink through the shunt path, lowering the output current.
Conclusions
A simple approach based on DLIT images, experimental dark I-V curves, and distributed diode model has been presented to characterize the shunt losses in industrial solar cells. Based on the five samples investigated, it can be inferred that improvement in efficiency in the range of 1% to 1.5% and improvement in fill factor of 3 to 4% can be possible by avoiding the severe shunt formation in production line by taking corrective measures. The loss in fill factor and efficiency will vary depending on the exact area and severity of the extended shunt. Value of sheet resistivity will affect the cell shunt resistance when shunts are not under metallization and hence the fill factor and efficiency are affected. Presented approach is useful to improve the efficiency and fill factor of the solar cell in the production line by tackling the shunts related problems based on the level of severity and tolerance and to take corrective measures in the production process or in the material manufacturing industry depending upon the relative loss in efficiency and fill factor caused by the presence of shunts at different spatial locations of the cell. Since the LIT technique can detect strong shunts in a few seconds [19] , the presented approach can be implemented very fast.
